During the past decade ultraviolet light-induced mutagenesis has emerged as a process involving metabolic steps of measurable temporal duration. Mutation frequency decline (MFD) occurs when postirradiation nutrient conditions are unfavorable to RNA and protein biosynthesis.I-' Conversely, postirradiation conditions conducive to synthesis of RNA and protein encourage stable genomic establishment of the mutations.2 This irreversible event has been termed mutation fixation (MF).1 Postirradiation synthesis of DNA is clearly the terminal event in the mutation process.3' 4 6 The physicochemical nature of the "promutant" state intervening between UV irradiation and MF has not been clarified, and the nature of the primary premutational lesion and its relationship with MFD are controversial. Witkin3' I favors DNA as the primary site of UV genetic damage, and considers this damage accessible to repair processes during the "sensitive" period. Haas and Doudney8 have implicated UV-modified nucleic acid precursors. Inquiries aimed at the in vivo relationship of cellular macromolecules and the promutant state are difficult to approach; however, the intracellular localization of the premutational lesion can be studied with certain genetic exchange systems. Kada and Marcovich,9 using the Escherichia coli K12 conjugal system in which the F-recipient cell received an irradiated HFr chromosome, concluded that UV-induced mutations maintain cytoplasmic residence preceding stabilization by chromosomal integration. This communication reports experiments where the mutation assay was restricted to changes localized in the DNA, rather than to more general determinations involving the over-all potential of the entire cell.
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Materials and Methods.-Bacterial strains: Bacillus subtilis strain 168, requiring indole, and its prototroph, 168-wild, were obtained from S. Zamenhof. Strain S10 requiring glutamic acid (glu) was obtained from I. Takahashi.'0 SB25 requires histidine (his) and indole (ind); SB32 requires his and was obtained by the cross 168-wild X SB25. The SB strains were obtained from the Nester-Lederberg collection.'1 Stocks were maintained on potato agar"2 at room temperature. Basal salts for "minimal," "transformation," and "growth" media were those of Anagnostopoulos and Spizizen.13 Liquid medium for preirradiation growth of SB25 was glucose-basal salts minimal supplemented with 50 jig/ml L-histidine and 30 jsg/ml L-tryptophan. Postirradiation medium was the same but with acid-hydrolyzed casein added to a final concentration of 0.2%. Hard agar and soft agar media contained 1.5% and 0.7% Bacto agar (Difco), respectively. Nutrient agar (Difco) served whenever complete medium was needed. A minimal salts-glucose agar, supplemented when required with 30 ,ig/ml of the appropriate amino acids, was used for selective plating.
"Mutation expression" medium was the appropriate selective agar medium containing 0.008% (w/v) dehydrated nutrient broth. Minimal medium was used for serial dilutions, and vigorous shaking of dilutions was essential for consistency as to the number of viable plating units.
Spore suspensions: Cells were grown in potato extract medium and incubated with shaking at 370C for 72 hr. The culture was centrifuged, washed twice, and resuspended in sterile water. This suspension was heated 30 Pre-and postirradiation cultural conditions: Spores of SB25 were inoculated into 20 ml of growth medium and incubated at 37CC overnight. This culture was filtered, and the cells were resuspended with vigorous shaking in 500 ml of warm preirradiation minimal medium. At an OD"' indicating 1.0 X 108 cells/ml, 15-ml aliquots were filtered. The filter-impinged cells were placed on the surface of cold soft agar plates at 4-60C, irradiated, and then eluted from the filters into prewarmed postirradiation medium. This was considered the zero point of postirradiation time. Samples were taken for OD66" readings, viable count platings, DNA extractions, and chemical determinations at suitable intervals of incubation. Assay for mutation transformants: DNA to be assayed was added to thawed SB25 recipient cells which were then incubated for 30 min at 370C on the shaker. Suitable dilutions were filtered and the cells impinged on 0.45-ju filter disks. These were incubated on moist nutrient agar plates for 3 hr. The disks were then transferred to minimal soft agar for 10 min to reduce nutrient carry-over, and then placed on "expression medium" agar for 48 hr at 37°C.20 Several identical experiments were performed using the same batch of recipient cells and the same donor DNA preparation. 2' Extraction of "nonextractable DNA": The protein-DNA-detergent pellet was dialyzed for 48 hr against 0.015 M sodium chloride/0.05 M sodium citrate. A solution containing 50 ,ug/ml trypein, 25 jg/ml chymotrypsin, and 0.005 M CaCl2 was added, and the cells were incubated with shaking for 3 hr at 370C. The pellet was again dialyzed for 72 hr. Sodium chloride was added to a final concentration of 0.15 M, and the solution slowly stirred at 4°C overnight. This solution was added slowly to 2 vol of ethyl alcohol, centrifuged at 6,000 X g for 10 min, and the pellet then dissolved in DNA solvent. This preparation was stored at 40C under chloroform. Total DNA and RNA were determined by hydrolysis of cell samples; nonextractable DNA was determined as the difference between the colorimetric assay of total DNA and extractable DNA (Fig.  1) . Methods for normal DNA extraction, preparation of recipient cells, and their maintenance have been described."-22
Results.-The postirradiation ki-20 netics of mutation were followed using Table 2 .
Determination of UV-induced mutation frequency: Detection of a "mutation transformant" requires occurrence of both a mutation and a transformation, and the sensitivity of the assay increases in proportion to increases in these frequencies. Initial experiments were therefore directed to achieving high mutation frequencies. Induced reversion frequencies at a UV dose effecting 65 per cent survival of the irradiated cells are presented in Table 2 . Reversion of his -o his+ is relatively more sensitive to UV than reversion of ind --ind+; but his-is less stable than ind-to reversion whether the mutation is spontaneous or UV-induced.23 Mutant yields obtained under various postirradiation nutritional conditions are summarized in Table 3 . Both single mutations increase in frequency under "step-up" nutrition, and both exhibit MFD in the presence of chloramphenicol or under starvation.
UV effect upon DNA extractability: Figure 1 illustrates a UV dose-dependent decrease in DNA extractability when the usual methods of extraction are used. This loss recovers with incubation, and recovery is usually complete when postirradiation DNA synthesis begins. Smith24 proposes that nonextractable DNA is noncovalently associated with a protein moiety due to UV treatment. If this is Figure 1 at the 65 per cent survival level. At this UV dose, previously nonextractable DNA has become extractable before the onset of DNA synthesis. Nevertheless, no ind+ or his+ mutation transformants were detected until well after DNA synthesis was resumed. The yields of mutation transformants corre- sponding to the data presented in Figure 1 are given in Table 4 . It is striking that few mutation transformants precede postirradiation resumption of DNA synthesis. Furthermore, there is little increase in mutation frequency after the DNA has doubled. Virtually the entire crop of UV-induced mutations appears in DNA extracted during the interval between postirradiation resumption of DNA synthesis and doubling of postirradiation DNA. UV doses allowing about 50 per cent survival produced optimum mutation transformant yields, and higher or lower doses were less effective. The kinetic pattern for histidine reversion is qualitatively similar to that of indole reversion, but his+ mutations occur at substantially greater frequencies than ind+ mutations, and the ratio varies with UV dose.
Effect of chloramphenicol: DNA was extracted during postirradiation incubation conditions that promoted MFD, i.e., chloramphenicol (CM) challenge.1 When 25 jg/ml CM was added 2 min after UV irradiation, no mutation transformants were recovered at any postirradiation time. If the mutagenic site of UV action were the DNA, and if chloramphenicol allowed UV-lesion repair processes to occur,3' I then these conditions should promote maximum recovery of mutations in DNA extracted at earlier postirradiation times before repair of the mutation lesions could occur.
Since nonextractable DNA was at a maximum at this early time, experiments were performed similar to that summarized in Table 4 for the 44 per cent survival level, but the postirradiation sample was divided into three parts. One portion was incubated as a control and treated in the manner previously described. Second and third portions were treated with 25 Mg/ml CM after 20-and 25-min postirradiation incubation, respectively. DNA was extracted at various intervals and tested for ind+ and his+ mutations. Results are presented in Table 5 . CM treatment clearly promoted MFD, and only mutations "fixed" in the DNA at the time of CM addition were maintained. Twenty-five min after irradiation, DNA synthesis in the control sample resumed with attendant progressive increase in resident mutations. CM addition at this time arrested increase of mutations in transforming DNA subsequently extracted. However, CM challenge at 20 min after irradiation (DNA synthesis is just resuming and nonextractable DNA has recovered) markedly reduces mutations in the transforming DNA. Therefore, MFD occurs when the previously nonextractable DNA has become completely extractable. Recipient cell integration of early postirradiation DNA: The possibility was considered that early postirradiation DNA was not subject to normal integration by recipient cells. To test this, donor DNA's were extracted from SB32 (his-ind+) and 168 (his+ ind-) at 10 min and at 100 min after irradiation. These were used to transform unirradiated SB25 (his-ind-) recipients. By virtue of the close linkage between his and ind (about 75 per cent),1' a low frequency of mutation transformants should be accompanied by a correspondingly low transformation frequency of the wild marker if integration of the DNA's were inefficient. However, the wild marker was transformed equally well regardless of whether the DNA originated from early or late postirradiation cultures. On the other hand, the mutation transforming activities for either his+ or ind+ mutations were practically nil in the 10-min DNA's but considerable in those extracted at 100 min. The observed increase of mutation transforming activity in correlation with the time of DNA synthesis must reflect the process of mutation rather than changes in ability of "mutationbearing" DNA to undergo the transformation process.25
Discussion.
-The results clearly indicate that the transforming DNA contains no induced mutations until after postirradiation DNA synthesis is initiated. The production of these mutations is confined to the initial postirradiation doubling of DNA. These facts specifically indicate a direct relationship between genic alteration and DNA replication, indicating that UV-induced mutation occurs in daughter DNA but not in parental DNA. The experiments do not substantiate theories favoring parental DNA as the primary site of UY mutagenic action. Witkin3 7 proposes a DNA target site where the "lesion" is maintained or repaired depending upon nutritional conditions. Doudney and Young26 consider DNA to be the most likely primary site of UV action. Such proposals predict that DNA extracted shortly after irradiation would bear the mutant site and should transform an appropriate recipient cell, but this is not the case. The possibility was considered that the promutant state might correspond to a physical-chemical DNA condition refractive to one or more essential steps in the transformation process. UV-inactivated DNA is quite efficiently adsorbed by competent cells.27 This precludes the possibility that postirradiation DNA extracted early is physically altered so as to prevent its entrance into the cell. It is conceivable that duration of the promutant state is correlated with a physical effect on DNA (such as thymine dimer formation) that results in integration of this DNA being fatal to recipient cells. The methods were sufficiently sensitive to detect a significant frequency of "lethals" occurring in recipients, but none was observed. Another possibility was that the nature of the mutation lesion prior to DNA synthesis simply precludes integration into the recipient genome. If this were true, then unavailability of promutant DNA sites to the integration process should also exclude a large proportion of closely linked donor sites. However, DNA extracted from early postirradiation cells yields transformation frequencies for wild markers essentially the same as that for DNA extracted late, even though corresponding mutation transformation frequencies differ substantially. It was also possible that nonextractable DNA was causally related to DNA with high mutation content. This possibility was eliminated since (1) nonextractable DNA recovered in an aqueous solvent has high transforming activity for a nonmutated marker, but no transforming activity for the mutations; and (2) at one UV dose level (65 per cent survival), when previously nonextractable DNA has become extractable before the onset of DNA synthesis, no mutation transforming activity appeared.
Doudney's hypothesis 26, 28 proposes that the proximal integrity of a "mutation lesion" and a DNA "replication blocking lesion" is requisite to subsequent appearance of the mutation in daughter DNA. If each of these lesions occurs in a separate DNA strand, as suggested, it is possible that the transformation mechanism might disrupt the integrity of the two-stranded structure9 before DNA is integrated. While Doudney's considerations are plausible, they are not supported by conclusive experiments. We therefore prefer to regress to an earlier hypothesis, namely, that the primary action of UV in mutation induction is production of radio-chemical reactants which enter into cellular interactions producing a pool of modified nucleic acid precursors. The availability of these small mutagenic molecules is subject to metabolic control until their polymerization as stable genic material. Irreversible mutation is effected in some manner by the incorporation of these modified precursors into DNA. 8 Extracellular phages respond only slightly to the mutagenic action of TV,30 and direct irradiation of transforming DNA produces few if any mutations.3" In general, DNA does not seem to be remarkably susceptible to mutation by UV, although DNA synthesis is quite sensitive.32 33 Similarly, in these experiments, DNA extracted from in vivo cells immediately after UV exposure does not manifest detectable mutation. These considerations suggest that the intracellular site of UV action leading to mutation is primarily extragenomic. * This work was supported in part by grants CA 05047 and CA 03323 from the U.S. Public Health Service, National Cancer Institute, and represents a portion of a thesis submitted by the senior author to the faculty of The University of Texas in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
